Chinese hamster cells frequently have altered karyotypes. To investigate the basis of recent observations that karyotypic alterations are related to telomeric fusions, we asked whether these alterations are due to lack of telomere repeat binding factor/s. Further, Chinese hamster chromosomes contain large blocks of interstitial telomeric repeats, which are preferentially involved in chromosome breakage and exchange, rendering it an interesting model for such studies. Here, we report on the cloning and the chromosomal localization of the Chinese hamster telomere repeat binding factor, chTRF1. The sequence analysis revealed, similar to human TRF1 (hTRF1), an N-terminal acidic domain, a TRF1 speci®c DNA binding motif and a C-terminal Myb type domain. Unlike mouse TRF1 (mTRF1), chTRF1 shows 97.5% identity to hTRF1. chTRF1 gene was localized on the long arm of chromosome 5. In vitro translation of chTRF1 resulted in protein product similar in molecular weight to hTRF1. Immunostaining of Chinese hamster ovary cells (CHO) with anti-TRF1 antibody revealed punctate nuclear staining. At metaphase, antibodies failed to detect TRF1 on most of the chromosome ends and the interstitial telomeric repeat bands. These studies suggest that chTRF1 does not bind the interstitial telomeric repeats, and its presence at the metaphase chromosome ends is limited. The later could be a factor contributing to frequent karyotypic alterations observed in Chinese hamster cells.
Introduction
Chinese hamster cells frequently have altered karyotypes, often with no homologous pairs of chromosomes (Kao and Puck, 1969; Deavan and Paterson, 1973) . Recent studies have revealed a link between karyotypic alterations and telomere fusions (Counter et al., 1992; Pandita and DeRubeis, 1995; Pandita et al., , 1996 . Several genes, such as TRF1, ATM, hTRT have been implicated in in¯uencing the telomere metabolism (Bodner et al., 1998; Smilenov et al., 1997; van Steensel and deLange, 1997) .
Telomeres cap and protect the termini of chromosomes. Mammalian telomeres contain long arrays of TTAGGG repeats that are bound with specialized protein complexes and have several functions (Moyzis et al., 1988; Meyne et al., 1989; Zakian, 1996; Greider, 1996) . Three telomere binding proteins namely, TRF1, TRF2 and PIN2 have been identi®ed (Bilaud et al., 1996 (Bilaud et al., , 1997 Broccoli et al., 1997a,b; Shen et al., 1997; Chong et al., 1995 , Zhong et al., 1992 . They have DNA binding properties with TTAGGG repeats in vitro irrespective of the presence of a DNA terminus, properties which are consistent with its presence along the ends of chromosomes. TRF1 has been implicated in the regulation of telomere length (van Steensel and deLange, 1997) . TRF2 has been characterized as a distant homologue of TRF1 (Broccoli et al., 1997b) , with similar domain structure and TTAGGG binding activity. Interestingly, the comparison between the mouse and human TRF1 show lower than expected identity, supporting the idea that mammalian telomeric proteins evolve rapidly (Broccoli et al., 1997a) . The Chinese hamster and mouse are closely related species and the characterization of Chinese hamster TRF1 could con®rm this notion.
The Chinese hamster is also an interesting model for telomere studies as its chromosomes contain large blocks of interstitial as well as terminal TTAGGG repeats. It has been reported that interstitial telomere like sequences (TTAGGG) are preferentially involved in chromosome breakage and exchange in rodent cells (Bouer et al., 1993) . The frequency of ionizing radiation induced chromosome aberrations have been reported to be higher in the region of interstitial telomeric blocks (Bouer et al., 1996) . Farr et al. (1991) showed that the interstitial integration of a 500 bp block of a telomere repeat sequence was associated with spontaneous chromosomal breakage at the integration site in a hamster X human hybrid cell line. Katinka and Bourgain (1992) showed that interstitial telomeres are hot spots for illegitimate recombination. These regions have also been shown to have very high rates of recombination. Our studies revealed that interstitial bands of TTAGGG arrays undergo spontaneous ampli®cation (Pandita and DeRubeis, 1995) . The reason for this genomic instability and whether it is regulated by TRF is not known. A possible interaction between the TRF1 and the TTAGGG repeats may provide more information on the role of the telomeric binding factors. To investigate this interaction, we cloned the Chinese hamster chTRF1, localized the gene on chromosome 5 and determined whether chTRF1 protein is localized on the blocks of TTAGGG sequences. We found that chTRF1 shows very high identity to hTRF1. However, chTRF1 immunostaining was not seen at all chromo-some ends and was absent from the internal tracks of TTAGGG arrays. We also compared the nature of nucleosomal pattern of the TTAGGG sequences with that of bulk DNA as a possible factor for TRF1 binding and found that TTAGGG sequences of DNA, similar to bulk DNA, are organized in nucleosomal pattern.
Results and discussion
Chinese hamster cell lines have been widely used to explore the mechanism of gene expression and ampli®cation. They frequently have altered karyotype and a high frequency of cells with telomere fusions. We were interested to determine if Chinese hamster cells have genes that express telomere repeat binding factors and whether they are seen at chromosome ends. Recently, human and mouse telomere binding proteins (TRF1, TRF2 and PIN2) have been identi®ed (Bilaud et al., 1996 (Bilaud et al., , 1997 Broccoli et al., 1997a,b; Shen et al., 1997; Chong et al., 1995) . The TRF1 gene has been implicated in the regulation of telomere length (van Steensel and de Lange, 1997) .
We cloned the Chinese hamster TRF1 from the cDNA of the Chinese hamster ovary cells and the Chinese embryonic cells by using the human TRF1 speci®c primers. The single 1.3 kb PCR product was subcloned in pGEM-T vector. Conceptual translation of the chTRF1 open reading frame (GenBank accession number AF043911) and the alignment of this sequence with the hTRF1 and mTRF (Broccoli et al., 1997a; Chong et al., 1995) open reading frames are shown in Figure 1a . The sequence analysis of chTRF1 revealed that the gene encodes an open reading frame of 438 amino acid protein. The human and Chinese hamster TRF1 proteins are very closely related as they show 97.5% overall amino acid identity. This is in contrast with mTRF1 which shows a considerable sequence divergence (Broccoli et al., 1997a) .
The Chinese hamster TRF1 has an N-terminal acidic domain, a middle TRF-speci®c domain and Myb HTH domain at COOH-terminal, similar to that of hTRF1 and mTRF1 (Figure 1b ). An absolute sequence identity between human and the Chinese hamster TRF1 was seen in the Myb domain, with the TRF-speci®c domain and the acidic domain showing 98% and 88% identity respectively. Chinese hamster TRF1 has a putative nuclear localization signal (NLS) in between the TRF speci®c domain and the Myb-domain similar to the hTRF1. Further, amino acid sequence comparison also revealed that there are several putative phosphorylation sites that are conserved between the Chinese hamster, mouse and human TRF1 proteins. The greater similarity between the hTRF1 and chTRF1 than compared to mTRF1 and chTRF1 was unexpected. The amino acid identity between the mouse and Chinese hamster TRF1 is 83% in the TRF speci®c domain, 82% in the Myb domain and about 40% in other regions. To determine the subchromosomal localization of the Chinese hamster TRF1 gene, we performed¯uorescent in situ hybridization of a biotin labeled chTRF1 probe to CHO metaphase chromosomes. Preliminary chromosome identi®cation was achieved by chromosome banding (Figure 2a) . A total of 35 metaphases with uorescent signals were examined. These signals were detected as twin spots on long arm distal to telomere of chromosome 5 (Figure 2b ). No¯uorescent signals were detected on any other chromosome, allowing subregional mapping of chTRF1 gene to chromosome 5.
Since conceptual translation of the open reading frame of TRF1 of Chinese hamster and human showed 97.5% amino acid identity, we were interested to determine whether chTRF1 produces a protein product similar to hTRF1, therefore, we carried out an in vitro translation. As shown in Figure 3 , the cloned chTRF1 cDNA was capable of directing the expression of an in vitro translation product which was indistinguishable from a hTRF1 cDNA product.
TRF1 binds eciently to arrays of duplex TTAGGG repeats, irrespective of the presence of a DNA terminus (Zhong et al., 1992) . Since Chinese hamster cells have blocks of TTAGGG repetitive bands, we wished to determine whether chTRF1 is associated with these bands and could the CHO cells be used as a model for understanding the interactions between TRF1 and TTAGGG repeats. To detect the TTAGGG arrays in interphase nucleus and on metaphase chromosomes, we applied FISH using biotinylated (TTAGGG)n probe. The Chinese hamster genome contains blocks of TTAGGG arrays in the interphase nuclei and most of the cells have about 18 to 21 readily cytologically detectable arrays of telomeric bands of TTAGGG repeats on metaphase and anaphase chromosomes (Figure 4a ± c) . In contrast not all of the chromosomes show¯uorescent signal at the chromosome ends, suggesting that the size of some of the TTAGGG arrays at some of the chromosome ends is less than 0.5 kb, a size beyond the sensitivity of detection by the present method.
Further, we determined the localization of the TRF1 protein in CHO cells by using two antibodies against TRF1. We used, individually, 371C2 and TRF (C-19) antibodies against TRF1, and each of them showed that the protein is distributed in the speckled pattern in the Chinese hamster ovary cells (Figure 5a) . We compared the FISH signals of the TTAGGG probe with the immunostaining of TRF1 antibodies. We did not see immunostaining of TRF1 antibodies at the interstitial blocks of TTAGGG arrays. Immunofluorescent signals of TRF1 antibodies were seen only at a few metaphase chromosome ends of Chinese hamster cells (Figure 5b) . One possible reason for seeing the immunostaining in interphase cells and only a few signals in metaphase cells could be that TRF1 is not bound tightly to CHO metaphase chromosomes. Another possibility could be that the telomeres of the CHO cells in a condensed state do not bind enough TRF1 protein that could be detected. Yet another reason could be that the anti human TRF1 antibody used weakly recognizes chTRF1. To examine this possibility, we expressed a (HA) 2 -chTRF1 construct in CHO cells and isolated stable clones. The staining of these clones with anti-HA antibody showed the punctate staining of the nuclei typical of the TRF1, but again we were not able to see the staining at all chromosome ends and at interstitial telomeric bands of metaphase preparations. Collectively, these observations suggest that TRF1 protein does not bind the interstitial telomeric bands of Chinese hamster cells. One possible reason could be that telomeric bands in CHO cells may have a dierent structure compared to TTAGGG arrays reported in man and mouse (Tommerup et al., 1994; Lejnine et al., 1995) .
The organization of TTAGGG repeats at the end of vertebrate chromosomes have shown a pattern of nucleosomal periodicity that links with the size of TTAGGG repeat length (Tommerup et al., 1994; Lejnine et al., 1995) . Human telomeres that are about 5 kb in size show altered chromatin as compared to the mouse telomeres with TTAGGG repeats of 14 to 150 kb. Long telomeres display a more canonical chromatin structure with tightly packed nucleosomes as compared to short telomeres. Whether the size of telomeric repeats in¯uences the TRF1 binding is not known. Since the length of telomere (terminal restriction fragment) has shown a link with the telomere chromatin structure as far as the nucleosomal periodicity is concerned (Tommerup et al., 1994) , we examined the size of TTAGGG stretches. To determine whether telomeric blocks of TTAGGG are constant stretches of TTAGGG arrays, we digested the DNA with restriction enzyme RsaI that does not cut TTAGGG sequences. As shown in Figure 6 , we detected TTAGGG repeat fragments with length in the range of 25 kb to 0.5 kb with the mean average length about 5 kb, suggesting that the size of telomeric blocks of TTAGGG is not a limiting factor for TRF1 binding and it may be the organization of nucleosomal packaging that could in¯uence TRF1 binding.
To determine the nucleosomal organization of TTAGGG blocks, we digested the nuclei with dierent concentrations of MNase and detected telomere repeats by Southern analysis using the TTAGGG probe. We determined the organization of the TTAGGG repeat sequences by comparing the nucleosomal periodicity of the bulk chromatin with the TTAGGG repeats. This was achieved by digesting nuclei with dierent concentrations of MNase, and the isolated DNA fragments were fractionated on agarose gels (Figure 7a ). TTAGGG arrays from MNase digested chromatin were detected with a TTAGGG probe (Figure 7b ). The results in Figure 7 illustrate the MNase generated extensive nucleosomal ladders that are similar to bulk chromatin as visualized by ethidium bromide staining. Telomeric bands yielded nucleosomal ladders that were similar to the bulk chromatin products, each containing partials with up to eight units (Figure 7) . The size of the nucleosome from the interstitial TTAGGG arrays is about 146 bp which is similar to the bulk DNA. These observations suggest that TTAGGG sequences are organized in a nucleosomal pattern similar to bulk DNA. This could provide a possible explanation for why TRF1 does not bind to the interstitial blocks of TTAGGG. These observations support the idea that TRF1 may have a special role to play at the chromosome ends, the telomeres, as it has been shown that TRF1 co-localizes with the nuclear matrix (Luderus et al., 1996) . The reason/s why TRF1 binds to TTAGGG sequences of the chromosome ends and not to the tracks of TTAGGG in CHO is uncertain. One possibility is that TTAGGG sequences at chromosome ends are structurally dierent from bulk chromatin. This is consistent with the studies of Luderus et al. (1996) and Tommerup et al., 1994) who demonstrated that the nucleosomes in telomeres are tightly packed in long telomeres and mammalian telomeres form nuclear matrix associated TRF-containing higher order complexes. Since TRF1 signals were seen only at a few telomeres of the Chinese hamster metaphase chromosomes, this could be one of the possible reasons for the chromosomal instability in Chinese hamster cells that leads to frequent karyotype alterations.
The major ®ndings of this paper are: (1) The relative conservation of the chTRF1 and hTRF1 in comparison with the mTRF1; (2) Absence of TRF1 at the interstitial telomeric blocks. The evolutionary reason for divergence of mouse TRF1 from that of Chinese hamster and human TRF1 gene sequences is not clear at present. A possible reason is that the mouse telomeres are much longer than the telomeres of human and the Chinese hamster and thus the organization of mouse telomeres may be dierent from the relative short ones of human and the Chinese hamster. It is possible that chTRF1 and hTRF1 interact with similar proteins that are then bound to relatively short telomeres as compared to the mouse telomeres which interact with other types of proteins bound to longer telomeres. What are the factor/s that in¯uence the binding of TRF1 with TTAGGG in CHO cells which need to be determined.
Materials and methods

Cloning of the Chinese hamster TRF1
Chinese hamster cells were grown as described earlier (Pandita and DeRubeis, 1995) . Total RNA was isolated from exponentially growing cells using RNeasy kit (Qiagen, Santa Clarita, CA, USA). cDNA was prepared using the RT-PCR kit (Stratagene, La Jolla, CA, USA). The primers used for the ampli®cation of the Chinese hamster cTRF1 were designed from hTRF1 cDNA sequence (Chong et al., 1995) . Sense 5'-ATC GAG CCA TTT AAC ATG GC-3' and antisense 5'-TAA CTG TCC TTT CAT CAA GCT-3' oligonucleotides were chosen to correspond to hTRF1 cDNA. The Expand TM Long Template PCR system (Boehringer Mannheim, Indianapolis, IN, USA) was used with 10 ml (0.5 mg/ml) of the Chinese hamster cDNA. Ampli®ed DNA was gel puri®ed (QIA-quick, Qiagen) and ligated to pGEM-T as suggested by the manufacturer (Promega Corp., Madison, WI, USA). The clones were expanded and sequenced (ACGT Inc., Northbrook, IL, USA). The sequence was analysed with the Genetics Computer Group (GCG) program (Madison, WI, USA v.8.0.) .
In vitro expression of cloned Chinese hamster TRF1 cDNA
The cloned chTRF1 cDNA was expressed using the Promega TNT R T7 Quick Coupled Transcription/Translation System (Promega Corp., Madison, WI, USA) according to the manufacturer's instructions. 1 mg of plasmid DNA template was incubated with 10 mCi [ 35 S]methionine (Amersham Corporation, Arlington Heights, IL, USA) in 25 ml reticulate lysate reaction mix for 90 min at 308C. The translation products were analysed by a standard 10% SDS polyacrylamide gel electrophoresis followed by autoradiography with overnight exposure to a phosphoimager screen (Molecular Dynamics, Sunnyvale, CA, USA). A human TRF1 cDNA clone in a pBluescript vector and the Luciferase T7 control DNA (Promega) were used as positive controls.
Expression of [HA] 2 -chTRF1 construct in Chinese hamster cells
The [HA] 2 was fused in frame to the N-terminus of the chTRF1 by overlapping PCR (Horton et al., 1990) . The construct was subcloned in the expression vector pLEN (Marcantonio et al., 1990) for constitutive expression. Chinese hamster ovary cells were co-transfected with the (HA) 2 -chTRF1 and pSV2neo in lipofectamine reagent (GIBCO, BRL) according to the manufacturer's instructions. After 3 days, the cells were split 1 : 20 into DMEM containing 10% FCS with 1 mg/ml of G418. Resistant clones were isolated, and screened by immunostaining with anti HA antibody clone 12CA5 (Boehringer Mannheim) and Cy-3 labeled donkey antibody (Jackson Immuno Research Labs).
Fluorescent in situ hybridization (FISH)
The detection of interstitial telomeric repeats was done on metaphase chromosome as described previously (Pandita and DeRubeis, 1995) . In situ hybridization utilized the biotin-labeled deoxynucleotide oligomer (TTAGGG)n as a probe.
The sub-chromosomal localization of chTRF1 gene was done by using the FISH. The cDNA clone containing chTRF1 was labeled by nick translation using bio-nick labeling kit (GIBCO-BRL). Metaphase preparation, in situ hybridization and detection of labeled probe using FITC-conjugated avidin (Oncor, Gaithersburg, MD, USA) was performed as previously described (Rao et al., 1993) . To visualize the hybridization signal and corresponding chromosomal bands, the slides were stained with 4'6'-diamideno-2-phenylindole (DAPI). Hybridization signal and DAPI-stained chromosomes were captured by a cooled charged-coupled device camera (Photometrics, AZ) and analysed using the Smart capture Image Analyzing System (QUIPS, Vysis).
Immunostaining
Two antibodies against TRF1 protein, TRF (C-19) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 371C2 (obtained as a kind gift from Titia de Lange) were used for the present study. Cells were grown on coverslips, washed with PBS, ®xed in 2% paraformaldehyde in PBS for 10 min and permeabilized for 20 min in 0.5% nonidet P-40, followed by staining with the primary antibodies for TRF1 and anti-rabbit Cy-3 labeled donkey antibody (Jackson Immuno Research Labs). Clones that express [HA] 2 -tagged TRF1 protein were stained with anti-HA antibody clone 12CA5 (Boehringer Mannheim) and Cy-3 labeled donkey antibody.
For metaphase chromosome staining, the cells were treated with colcemid at a concentration of 0.1 mg/ml for 90 min, trypsinized, hypotonically swollen in 10 mM Tris (pH 7.4), 10 mM NaCl and 5 mM MgCl 2 for 15 min and then sedimented on coverslips for 2 min at 5000 r.p.m. in Eppendorf 5403 centrifuge. Chromosome spreads were ®xed in 2% formaldehyde in PBS, permeabilized and stained as described above. DNA was stained with DAPI (0.2 mg/ml) and images were obtained by Zeiss confocal microscope LSM 410.
Determination of the length of TTAGGG stretches
The procedure for DNA extraction and measuring the length of TTAGGG stretches was the same as described earlier .
